The dust content of the universe is primarily explored via its interaction with stellar photons, which are absorbed or scattered by the dust, producing the effect known as interstellar extinction. However, owing to the physical extension of the observing beam, real observations may detect a significant number of dust-scattered photons. This may result in a change in the observed (or effective) extinction with a dependence on the spatial distribution of the dust and the spatial resolution of the instrument. We investigate the influence of clumpy dust distributions on the effective extinction toward both embedded sources and those seen through the diffuse ISM. We use a Monte Carlo radiative transfer code to examine the effective extinction for various geometries. By varying the number, optical depth and volume-filling factor of clumps inside the model for spherical shells and the diffuse ISM, we explore the evolution of the extinction curve and effective optical depth. Depending on the number of scattering events in the beam, the extinction curve is observed to steepen in homogeneous media and flatten in clumpy media. As a result, clumpy dust distributions are able to reproduce extinction curves with arbitrary R V,eff , the effective ratio of total-to-selective extinction. The flattening is also able to 'wash out' the 2175Å bump and results in a shift of the peak to shorter wavelengths. The mean R V,eff of a shell is shown to correlate with the optical depth of an individual clump and the wavelength at which a clump becomes optically thick. Similar behaviour is seen for edge-on discs or tori. However, at grazing inclinations the combination of extinction and strong forward scattering results in chaotic behaviour. Caution is therefore advised when attempting to measure extinction in, for example, AGN tori or toward SNIa or GRB afterglows. In face-on discs, the shape of the scattered continuum is observed to change significantly with clumpiness, however, unlike absorption features, individual features in the scattering cross-sections are preserved. Finally, we show that diffuse interstellar extinction is not significantly modified by scattering on distance scales of a few kpc.
Introduction
The presence and nature of dust in the universe can be explored by observing both the thermal radiation it emits, and its influence on stellar photons, which it absorbs and scatters to produce extinction. Both of these methods sample different dust populations, with emission being most sensitive to the hottest dust components along the entire line of sight, while extinction is sensitive to the full column of dust between the observer and the extinguished source. Therefore, the wavelength dependence of interstellar extinction can be interpreted in terms of the wavelength dependence of the probability for dust and radiation to interact, i.e. the dust cross-sections. Extinction is observed to vary on different galactic lines of sight (e.g. Fitzpatrick & Massa 1990 , 2007 , and extragalactically (Howarth 1983; Prevot et al. 1984; Calzetti et al. 1994) . As a result, attempts are frequently made to analyse the composition of dust on given lines of sight by fitting the extinction curve using extinction cross-sections for likely mixtures of materials and particle sizes. One must, thereSend offprint requests to: pscicluna@astrophysik.uni-kiel.de fore, ensure that all possible biases and systematic effects are accounted for in the treatment of extinction.
One key and often overlooked bias is the real angular extent of the observing beam in which extinction measurements are made. Since observations do not use a pencil beam, there is a non-zero probability of detecting scattered light (Mathis 1972; Krügel 2009 ), both increasing the total detected flux and altering the wavelength dependence of extinction. It is also possible that an inhomogeneous dust distribution will present paths with different optical depths, with the relative covering fractions of the different phases influencing the detected flux.
In galactic observations of the diffuse ISM the impact of scattering is typically assumed to be negligible, an assumption that we consider more carefully in Sect. 4.3. Nevertheless, in regions where dust and stars are well mixed or where the physical size of the observing beam is large compared to the structure of the dusty medium, the fraction of scattered light can become significant. This may occur in more distant galactic star-forming regions (Natta & Panagia 1984) or for stars embedded in a compact (compared to the resolution) envelope or disc, i.e. dust-enshrouded (young or evolved) stars (Voshchinnikov et al. 1996; Wolf et al. 1998; Indebetouw et al. 2006) . Similarly, inhomogeneity and scattering effects also become significant in extragalactic astronomy (Bruzual A. et al. 1988; Calzetti et al. 1994; Witt & Gordon 2000) , where an entire star-forming complex can comfortably fit within a single resolution element.
As a result, unresolved observations of such systems must correctly account for these effects, or they will derive significantly different extinction laws that do not necessarily indicate any change in the physical nature of the dust grains. Such effects can include both steepening (Krügel 2009 ) and flattening (Natta & Panagia 1984) of the extinction curve, under-or overestimation of stellar luminosities, or even negative extinction depending on the distribution of the dust and the size of the aperture (Krügel 2009) .
In this paper we make use of numerical radiative transfer models to investigate the effect of scattering and clumpiness on extinction. In Sect. 2 we review the relevant theory and previous findings, and Sect. 3 outlines the computational methods we employ. The remainder of the paper then investigates these effects with particular attention paid to circumstellar shells , discs and the diffuse ISM.
Effective extinction
Following Krügel (2009) we define the interstellar extinction law
where τ is the optical depth and K ext the extinction crosssections of dust, for observations with infinite resolution. The so-called true extinction is therefore influenced only by the column density of extinguishing material (i.e. ISM dust) along the line of sight and the wavelength dependence of its interactions with light. Using the other standard definitions for colour excess E (B − V ) = A (B)−A V and E (λ − V ) = A (λ) − A V , where A denotes the extinction in magnitudes, one arrives at
which is the traditional form of the extinction law in terms of colour excess. This then naturally leads to the definition of the ratio of total-to-selective extinction,
.
As a result, the broadband behaviour of the extinction curve can be described to first order by this quantity, R V , and hence so can the dust properties. Changes in R V therefore indicate changes in the dust, usually assumed to result from changes in grain size, as this is, to first order, the dominant factor in the broad-band behaviour of the dust cross-sections. By finding combinations of dust grains whose cross-sections reproduce the observed constraints, one can therefore hope to understand the composition of dust along a particular line of sight. To do this, one must assume some dust constituents, typically some combination of silicon-and carbon-bearing species, which may be in distinct grain types (e.g. separate carbon-and silicate-bearing grains) or mixed together (composite grains). One must also choose a grain geometry (e.g. spherical, spheroidal, fractal etc.) and structure (e.g. homogeneous or porous). Then, by assuming a size distribution of the particles, one can compute the extinction crosssections, albedo, phase function, etc. for the dust model and compare the wavelength dependence of these properties to those observed for interstellar dust. For a more detailed discussion of the processes involved in fitting the extinction curve, please refer to the literature (e.g. Weingartner & Draine 2001; Draine 2003a; Voshchinnikov 2004 Voshchinnikov , 2012 Siebenmorgen et al. 2014) .
However, in real observations a number of effects can complicate the picture. Firstly, although the extinction cross-sections are defined as
in general scattering is not isotropic, meaning that observationally there is a degeneracy (Voshchinnikov 2002) between the albedo ω = K sca /K ext and the anisotropy parameter
where p (cos (θ)) is the probability density function of the cosine of the scattering angle θ, which parametrises the expectation of the scattering direction, with 1 corresponding to pure forward scattering and -1 to pure back-scattering. Furthermore, in real astronomical observations, the aperture or beam in which the extinction is measured is not a pencil beam and has some physical extension, determined by the resolution. Hence, unresolved structure within the beam can alter the observed extinction by for example -partially occulting the source; -inhomogeneities biasing observations toward low-τ paths; -scattering light into the beam; which can combine with the aforementioned degeneracy. Figure 1 depicts this in cartoon fashion for sources in the far field.
When the extinguished source and the observer are roughly equidistant from the extinguishing material, this effect is negligible (Krügel 2009 ), but is increasingly significant the shorter the physical distance between the star and the attenuating matter. It naturally follows that this effect is most significant for embedded objects and extragalactic observations.
To account for this, previous authors (see e.g. Krügel 2009 ) have defined the effective optical depth and extinction curve i.e. where τ eff is the optical depth one derives from the observations; i.e. the negative of the logarithm of the ratio of the observed flux to the flux that would be observed in the absence of dust
From this follows the definitions of R V,eff as in equations 1 to 3 with τ eff instead of τ . This is similar to the definition of attenuation optical depth τ att used in e.g. Witt & Gordon (2000) , but noticeably different from the definitions of τ eff used in Witt & Gordon (1996) and Wolf et al. (1998) and τ att in Fischera & Dopita (2005) , which exclude the contribution from scattered photons. It should also be clear that unlike τ , τ eff is a function not only of the source and its dust distribution, but also of the aperture in which it is observed (Krügel 2009 ). Krügel (2009) also emphasises that τ eff is never larger than τ , and that it can even be negative (e.g. in a reflection nebula). When the dust distribution is homogeneous, τ eff depends only on τ , the dust composition and the aperture, while for inhomogeneous media the spatial distribution of dust and the viewing angle are clearly also important (Wolf et al. 1998 ).
Monte Carlo models
As the exploration of the effective extinction necessitates accurate radiative transfer modelling in inhomogeneous media, we must use Monte Carlo methods.
We use an implementation originally described in Krügel (2008) , and significantly expanded upon in and . Our code allows for an arbitrary choice of geometry, dust composition, and illumination source, and includes anisotropic scattering. By launching packets of radiation from the source and following their interactions with the surrounding dust distribution we solve the radiative transfer.
The dust distribution consists of a Cartesian grid of densities and temperatures. The interactions of the radiation packets are then computed based on the method in Krügel (2008) which employs the 'immediate temperature update' method of Bjorkman & Wood (2001) . We have extended this method to include the Lucy (1999) algorithm for the dust temperatures in optically thin regions to reduce the uncertainty in the dust temperatures, and to include anisotropic scattering by sampling scattering angles from the Henyey-Greenstein (HG) phase function (Henyey & Greenstein 1941) p (cos (θ)) = 1 4π
where g is the anisotropy parameter (Eq. 5) derived from Mie calculus (Mie 1908; Bohren & Huffman 1983) . This can be re-arranged to give
where P = p (cos (θ)) d cos (θ) is the cumulative probability distribution, from which the scattering angle can be sampled directly. As this function contains a singularity for g = 0 it is necessary to treat these cases separately by explicitly interpreting them as isotropic scattering. Figure 2 shows probability density functions p (θ) for the HG function over a representative range of the g parameter. The importance of anisotropic scattering is demonstrated in Fig. 3 , which shows a difference image comparing the same model viewed in scattered light using either the HG function or a pseudo-isotropic approximation, in which the scattering cross-sections are reduced by K sca = (1 − g) K sca , which effectively divides the scattering into an isotropically-scattered component and a forward-scattered (unscattered) component, which works well for 0 ≤ g 1 and g = 1 but becomes increasingly poor as |g| → 1. It is clear that the HG function shows a completely different distribution of scattered flux, with the near-side of the disc significantly brighter and the far-side darkened.
Since we are able to follow the packets explicitly we can directly compute τ eff for all wavelengths, and hence R V,eff , simply by counting how many packets emerge from the cloud at a given wavelength.
A number of apertures can be defined on the basis of viewing angle or physical location. As photon packets exit • indicates that the outgoing direction of the scattered photon is identical to that of the incoming one, while θ = ±180
• implies a reversal of direction (back scattering).
the model grid, they are added to the statistics for the relevant apertures. We thus build-up effective extinction curves by computing the number of photons within the aperture and comparing to the number that would have been detected in the absence of dust (Eq. 7).
Our code, including anisotropic scattering, is parallelised using the OpenMP 1 API for use on shared memory machines. When we are only interested in the influence of scattering and extinction by dust on the ultraviolet, optical and near infrared we further optimise the code by neglecting dust emission. In this case all photon packets absorbed by the dust are discarded and the runtime of the code is decreased by a factor of four. Nevertheless the models remain computationally intensive, and although the physical scale of the apertures in which the extinction is computed are correct, it is necessary to overestimate their angular extent as seen from the central star to develop sufficient statistics without the runtime becoming infeasible. This is done by placing the apertures closer to the star than the assumed distance to the observer.
In these studies we consider the so-called MRN grain size distribution (dn (a) ∝ a −q da, q = 3.5 Mathis et al. (1977) ) of silicate and amorphous carbon. Since we are looking for changes caused by the dust geometry, the precise dust model chosen is not important. We make use of two dust models depending on the conditions we wish to explore:
-amorphous carbon and silicates (aCSi), using optical constants from Zubko et al. (1996) and Draine (2003b) , respectively; -graphite and silicates (GraSi), using optical constants from Draine (2003b) . , computed for a dust disc with a half-opening angle of 30
• viewed from an angle of 45
• from the rotation axis using a dust model composed of amorphous carbon and silicates. The region of the disc at δ ≤ 0 is the near-side of the disc. The HG function reproduces the strength of forward scattering much more effectively, with differences between the two methods of up to an order of magnitude, although the integrated scattered flux is the same using both methods. Both models consist of carbonaceous grains with radii between 16 nm and 130 nm and silicate grains between 32 nm and 260 nm. The bulk density of the dust grains is 2.5 g cm −3 , and the carbon-to-silicate abundance ratio is 6.5. The scattering cross-sections of both models peak around 250 nm (see Fig. 4) ; this results from highly efficient scattering from grains with size a ≈ λ/2π, i.e. the size of the smallest silicate grains.
We are also able to generate high signal-to-noise images by post-processing the output of the radiative transfer simulations by using a ray-tracer. Scattered light images require that we first store the position, frequency and direction of photons before a scattering event. Then this information is read into the ray-tracing algorithm, and used to calculate the angle between the incident photon and the observing direction
whereê i,o indicate the incoming and observer direction unit vectors, respectively. We then determine the probability of scattering the photon packet into the viewing direction from the scattering phase-function (Eq. 8), and this fraction of the packet is added to the ray. This is similar to the so called peel-off technique (Yusef-Zadeh et al. 1984) . Emission images are computed by integrating the emission determined from the dust temperatures, cross-sections and optical depth along the line of sight. Both routines include a correction for the attenuation caused by the line-of-sight optical depth. In the case of a very small aperture (e.g. simulated observations of extinction in the diffuse ISM) the same signal-to-noise ratio can be achieved in a much shorter time by exploiting this capability to integrate over all scattering events. While astronomical ray-tracing applications usually only consider models in the far field, allowing them to use parallel rays, models of the ISM need to consider photon scattering along the entire line of sight. Hence, we apply perspective-projection ray tracing (e.g. Appel 1968 ) to capture the effect of the beam widening as the distance from the observer increase; the direction of a ray now depends upon its position on the detector, and all rays are divergent. This requires us to update the prescription in .
In order to determine the deflection of each ray, we must first know the field of view required from the image. This is calculated from the inverse tangent of the projected size of model and the distance to the object e.g. for a cuboid where the long (z) axis is parallel to the central ray
where ∆x is the length of the x-axis of the model and D is the distance from the observer to the object. This ensures that the entire model fits into the image at the location of the object. The deflection between adjacent pixels is then given by δθ pix = θ F OV /n pix for a square image with n pix × n pix pixels. The direction of the ray launched from each pixel can then be found by rotating the direction of the vector joining the detector to the object by integer multiples of δθ.
Because the rays are divergent, the size of each pixel becomes a function of the distance from the detector along 2 . This value must be substituted for the constant value of the pixel size A in Eq. 17 of . The algorithm is otherwise identical to standard parallel-projection raytracing methods.
We use the Monte Carlo code to calculate the temperature structure and distribution of scattering events in the model cloud and then calculate images at all the wavelengths of interest (λ < 3µm) with the ray-tracer. In an analogous manner to real observations, these images are then compared to identical images of dust-free simulations, and the effective optical depth and extinction curve are calculated (Eq. 7).
Results

Influence of clumps on extinction in circumstellar shells
We wish to study the influence of clumps on the effective extinction curve, and so first benchmark the results of our treatment by comparing them to examples as found in the literature. Therefore, we compute the effective extinction curves for clumpy spherical shells, similar to those treated by Wolf et al. (1998) . In our case each clump occupies one cell of the model grid. This grid consists of a cube containing [nx, ny, nz] = [60, 60, 60] cells of equal size. The shell is completely described by its inner and outer radii R in and R out , the number of clumps N cl and the total dust mass in the shell M d . The range of parameters used is included in Table 1 .
The N cl clumps are distributed randomly throughout the volume of the shell by selecting cubes from the model grid; selected cubes will contain dust, and non-selected cubes remain empty 2 . The total mass of the shell is then normalised to the input value. As a result, we have a distribution of identical clumps of a given total mass.
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To avoid the possibility of infinite loops for high N cl , if the same cell is selected a second time, it will have its density doubled; if it is selected again it will then have triple the density, et cetera. Fig. 5 . An example of the dust distribution in a clumpy shell shown in the 3D model volume. The source is located at the origin. While the colour indicates the dust density (i.e. number density of grains × mass of dust grains) at a point, the opacity of the colours is related to the total column density. Upon close inspection it is clear that neighbouring clumps may connect to form filamentary structures.
As the clumps are randomly distributed, we must explore a large range of random seeds 3 for each model to be able to extract average behaviour, and to quantify the variations that could be seen between otherwise identical shells. As changing the distribution of clumps and changing the angle from which a clumpy shell are equivalent, the variations between models with different seeds can also be interpreted in terms of a change in the location of the observer relative to a fixed axis. An example of the density distribution of these shells can be seen in Fig. 5 . For comparison, we compute homogeneous shells where R in , R out , and M d are the same as in the clumpy cases. As the dust mass is fixed, models with fewer clumps have clumps of higher optical depths, which lie in the range 0.1 ≤ τ cl ≤ 30 , where τ cl is the optical depth at V band between two opposite faces of a clump. The extinction curves are computed by treating each face of the model cube as a large aperture (see Sect. 3), and are shown in Figs. 6-7.
As in Wolf et al. (1998) , we find that shells that consist of optically thick clumps have generally flatter extinction curves than that given by the dust cross-sections, and in the most extreme cases the extinction curve can become completely grey (Figs. 6-7 ), in accordance with Natta & Panagia (1984) . Furthermore, the homogeneous shells (and those with optically thin clumps) have extinction curves As the number of clumps decreases, the clumps become more optically thick and the effective extinction curve flattens. The white solid line shows the input dust crosssections normalised to the V band, and the black dotted line the same after a reduction in the scattering efficiencies by (1 − g). The two panels refer to different dust masses and hence homogeneous-shell optical depths as indicated on the panel.
that are significantly steeper than that one would derive from the cross-sections, similar to the findings of Krügel (2009) . When using the GraSi dust model to include the 2175Å extinction bump, we see, as Natta & Panagia (1984) , that as τ cl increases, not only does the extinction curve flatten, but as in Natta & Panagia (1984) , the feature is weakened and eventually flattened out (Fig.8) . However, we also notice that in no case does the shape of the feature agree with the input dust cross-sections, regardless of whether the cross-sections are parametrised in terms of τ V ~0.9 Fig. 7 . As in Fig. 6 using the GraSi model. The same effects occur with both dust models. In addition it is clear that the 2175Å feature is suppressed as the clump optical depth increases.
particular, the wavelength of the peak of the feature shifts, generally to shorter wavelengths, although there is no clear trend with N cl . Finally, the wavelength dependence of the extinction at λ ≥ 1µm tends toward parallel power-laws i.e. with the same gradient but offset in τ eff /τ V,eff (Natta & Panagia 1984) . This may indicate that other indicators of extinction are preferable to those given in the V-band, e.g. normalised to the JHK or even L bands, provided that one is confident that the dust is sufficiently cold to neglect dust emission in these bands. Alternatively, one may be able to use the wavelength at which the infrared extinction deviates from a power-law to infer the optical depth of clumps in the medium. The wavelength at which this deviation occurs appears to be related to the optical depth of the clumps, with more optically thick clumps showing power-law behaviour at longer wavelengths where they become optically thin.
A number of differences exist between our models and those in the literature. Wolf et al. (1998) 6 ). On top of the suppression of the feature, it is apparent that the shape of the feature is different from that given by the input dust cross-sections. emergent flux over 4π steradians while we bin the extinction curve into directional apertures; as clumpiness naturally introduces some directionality to the shell, averaging over all directions neglects this. Contrary to the models of Natta & Panagia (1984) , which treated the extinguishing medium as a clumpy screen, the use of a shell geometry results in the inclusion of back-scattering, which requires that directionality be included. Krügel (2009) on the other hand tailored their models to low optical depth clumps, neglecting the high clump optical depth cases we include here.
Light scattering by clumpy circumstellar discs
Having ensured that we reproduce the literature results concerning extinction in clumpy media which arise due to scattering, it may be of interest to consider the influence of clumpiness on the observation of scattered light itself.
To investigate this, we require models in which the view of the source is unobstructed, so that the stellar contribu- Fig. 9 . Similar to Fig. 5 but showing an example of the dust density distribution in a clumpy disc model. tion can be easily subtracted to leave only the scattered photons. We thus model circumstellar discs constructed in a similar manner to the circumstellar shells in Sect. 4.1, but allowing dust only within a given opening angle of the equator; regions above this are dust free. We choose their inner and outer radii to approximately match those observed for the Vega outer debris disc (80 and 200 AU, respectively) and include 0.1M of dust using the aCSi model. The number of clumps and the opening angle of the disc, α, 4 are treated as free parameters. One such example can be seen in Fig. 9 . The effective extinction is then measured for an observer seeing the disc face-on but unresolved.
As the observer's view of the star is unobstructed, the effective optical depth is negative for all wavelengths, due to the addition of the scattered photons to the stellar emission. The wavelength dependence of this negative extinction(= scattered flux) can be interpreted to yield information concerning the scattering properties of the dust. However, as seen in Fig. 10 , the presence of clumpy structure alters the wavelength dependence of the scattered light, making the deduction of the scattering properties an unreliable process. Although Fig. 10 shows only one disc opening angle (in this case 45
• ), the same behaviour is seen for all opening angles between 5 and 45
• . It is clear that as the clumps become increasingly optically thick, the scattered light in the UV continuum is suppressed compared to the optical. The strong peak at ∼ 2000Å that is visible in Fig. 10 should not be confused with the 2175Å extinction bump. It is created by scattering, coincides with the maximum of K sca (see Fig. 4 ) and is not affected by the UV absorption. Therefore the feature is unaffected by the optical depth of the clumps. Conversely, because of stronger absorption in the optical and UV, the • , computed for aCSi dust. The colours are again the same as in Fig. 6 , with orange indicating N cl = 1000, and proceeding through yellow, green and blue for N cl = 2000, 3000, 5000 to magenta specifying N cl = 10000, with violet indicating a homogeneous disc. The feature at ∼ 4 − 5µm −1 does not change while the continuum scattering shows significant changes in the optical and UV. scattered flux in the NIR domain is enhanced relative to the optical. Due to their clumpy structure, there may be unobstructed sight-lines to regions deep within the disc. Clumps at such locations can then scatter photons into the observer's line of sight, but before escaping may encounter further clumps. Since the clumps are optically thick at shorter wavelengths, they would preferentially absorb optical/UV photons, while the NIR photons have a significantly higher escape probability. Since the strength and wavelength of the aforementioned scattering peak are functions of the size and chemical composition of the dust grains (see e.g. Hofmeister et al. 2009 ) and highly model dependent, it may be possible to infer the degree of clumpiness of a disc with sufficiently precise measurements of the integrated scattered flux at NIR, optical and UV wavelengths, and comparing the shape of the scattered continuum to any features observed.
If the relative enhancement of infrared scattering continues at wavelengths as long as 5µm then it may represent a source of contamination to the observations of "core-shine" (Steinacker et al. 2010) , which are used to infer the presence of large grains in molecular cloud cores. Steinacker et al. (2010) report excess scattered flux in Spitzer /IRAC (Fazio et al. 2004 ) bands 1 and 2 (at 3.6 and 4.5µm, respectively) toward dense regions (A V ≥ 10), while the longer wavelength bands show only absorption in the most dense parts of the clouds. In principle, it is possible that dense clouds consist of many small, dense clumps that are not resolved in the observations, and if so the effective scattering behaviour would be modified, resulting in the apparent increase in infrared scattering.
Similarly to Sect. 4.1, we can also explore the effect of extinction when the star is viewed through the disc.
Different optical paths through the disc will have radically different covering fractions of clumps, with paths through the mid-plane fully covered and lower covering fractions when the disc is viewed at lower inclination angles.
As expected, the extinction curve through an edgeon clumpy disc exhibits the same behaviour as that for a clumpy shell (e.g. Siebenmorgen et al. 2015) . This remains the same as long as the entire beam is within the disc (i.e. approximately when i ≥ 90 − α). However, for grazing and near-grazing inclinations, the behaviour of the extinction curve becomes chaotic, due to the complexity of the scattered radiation field. This effect is a major concern for studies of extinction towards e.g. AGN tori, where the extinction seen through the torus will bear little resemblance to the wavelength dependence of the dust properties. Our results specifically indicate that studies which infer large grains in the circumnuclear medium (e.g. Maiolino et al. 2001; Lyu et al. 2014) have to consider the possibility of significant contamination from radiative transfer effects.
Extinction in a clumpy diffuse ISM
The ISM is believed to be a highly turbulent, inhomogeneous medium with structure on all scales in both the dense and diffuse phases (e.g. Vazquez-Semadeni 1994; Padoan et al. 1997; Passot & Vázquez-Semadeni 1998) . It is therefore interesting to consider whether the effect of clumps on extinction as described above in Sects. 4.1 and 4.2 also influence extinction in the diffuse galactic ISM.
The previous two subsections have examined scenarios in which star and dust are co-located relative to the observer, but to examine the influence of scattering on extinction in the diffuse galactic ISM it is interesting to consider scenarios where the dust is distributed along the entire line of sight between the observer and the star.
To explore this, we model the ISM as a cuboid viewed along its long axis. This cuboid is homogeneously filled with dust, such that the optical depth in V-band from the observer to the star ranges from 0.3 -20. Since we reproduce typical ISM optical depths, the interaction probability for each radiation packet is small. As a result, we must run large numbers of packets (∼ 10 9 ) to achieve good statistics. To include the influence of back-scattered as well as forward-scattered photons, 5% of the model volume is behind the star as seen from the observer. The extinguished star is assumed to be at a distance of 100 pc, however as this is a resolution dependent effect the model space can be uniformly rescaled to greater distances. The model cuboid is scaled so that the cross-section is 50 . We then solve the radiative transfer and generate images of both the scattered and emitted radiation by ray-tracing as outlined in Sect. 3. From the images we extract a 5 × 5 aperture in order to approximately match the diffraction limited resolution of IUE, which remains the major source of UV data for extinction.
Contrary to the clumpy screen models of Fischera & Dopita (2005 we include the effect of back-scattering by embedding the source within the dust column. Instead of a homogeneous density distribution, clumps are distributed randomly throughout the model space with fixed volume filling factor f V ∼1.5% (Wolfire et al. 2003, Eq. 27 , assuming a two-phase ISM with the properties of the local ISM given therein) so that the free parameters are the total dust mass and clump number. The clump radii R cl are calculated from the number and filling factor of clumps, such that all the clumps within each model are identical i.e.
where x, y, z are the dimensions of the model cuboid. As the clumps are randomly distributed, we vary the random seed to explore the parameter space created by the variations in the positions of the clumps. We consider three different simple descriptions of the clumps in these geometries:
1. Spherical clumps (1-phase) i.e. ρ (R) = ρ cl for R ≤ R cl , 0 elsewhere; 2. as above but with the clumps embedded in a diffuse medium (2-phase) i.e. ρ (R) = ρ cl for R ≤ R cl , 10 −4 ρ cl elsewhere; 3. Pressure-constrained isothermal clumps with
to give a smoothly varying density distribution; examples of which can be seen in Figs. 11, 12 . The results from the clumpy ISM models can be seen in Fig. 13 . With the exception of a small fraction of outliers 5 , the effect of clumpiness on extinction is negligible except at high optical depth. This suggests that on lines of sight that avoid the galactic centre, the effect of scattering can be neglected, and extinction can be reliably be used as a probe of the properties of interstellar dust, as expected from Panek (1983) . The fact that the OB stars typically used to measure extinction tend to clear a large volume (several Fig. 11 . Example section from a 1-phase clumpy density distribution (spherical clumps of constant density). The 2-phase distributions appear identical albeit with the intraclump space filled with a diffuse medium 10 −4 times less dense than the clumps. This figure is constructed in a similar manner to Figs. 5, 9, but the source is no longer within this section of the model due to the extreme length of the cuboid. In the ISM models, the source is not placed at the centre, but at a point 95% of the length of the model cuboid. This section is that closest to the observer. Fig. 12 . As in Fig. 11 but showing an example section from a pressure-constrained clump density distribution. pc) surrounding them of interstellar matter through wind and radiation pressure further reduces the probability that interstellar extinction is significantly modified by scattering on distance scales of a few kpc.
Discussion
From Sect. 4.1 it is clear that if the dust is concentrated in optically thick clumps, the extinction curve is artificially flattened. This has been previously highlighted by Natta & Panagia (1984) , however, they did not attempt to derive a relationship between the flattening of extinction and the clump properties. Except for a small fraction of outliers, which increases toward large optical depth, clumpiness has little effect on typical interstellar extinction curves. Figure 14 demonstrates the relation between this increase in the V-band optical depth of the clumps and R V,eff , using the results from Sect. 4.1 for both dust models using all curves shown in figures 6 & 7. While it is clear that both dust models follow similar trends, they appear to form two separate sequences. The separation between these sequences is typically a few tens of percent.
Since the optical depth at an arbitrary wavelength is not directly related to the extinction curve, we wish to transform this to a quantity that is. As the changes in the shape of the extinction curve result from wavelength-dependent optical depth effects, we introduce the quantity λ crit , which is defined as the wavelength for which τ cl (λ crit ) = 1. When the change in R V is plotted against this critical wavelength (Fig. 15) the two dust models overlap. The gradient is rather shallow for λ crit ≤ 600 nm but steepens dramati- Fig. 14, but now comparing R V to λ crit , the wavelength at which τ cl = 1. The two previously disparate curves are now reconciled.
cally beyond this. As R V,eff is related to the B-and Vband optical depths, it stands to reason that clumps that are optically thin or only marginally optically thick to these wavelengths would only weakly affect the shape of the extinction curve, while clumps that are optically thick at even longer wavelengths will have a much stronger effect. If the true R V of the dust can be determined independently of the extinction measurements, then it is in principle possible to use the relation between R V,eff and λ crit to infer the structure of the medium.
It is important to note that all the effects described in this paper will become more significant as the distance between the object and the observer increases, as structure will be ever more poorly resolved. Therefore, extragalactic observations are particularly susceptible, and even more so at high redshift. This means that studies that use AGN (e.g. Maiolino et al. 2001) or, in particular GRBs (Zafar et al. 2011) to probe dust properties must be especially careful to consider the role of radiative transfer effects.
Summary
Clumpy media and the collection of scattered light can fundamentally alter the observed extinction curve, which can significantly hinder the accurate interpretation of observations , in particular when the scattering medium is close to the extinguished object. In clumpy media the changes in the shape of the extinction curve are related not to the optical depth of the clumps but rather to the critical wavelength for which τ cl (λ crit ) = 1. If the true R V is known, it is in principle possible to infer the structure of the medium from this relationship. Furthermore, there is a shift in the wavelength of the peak of the 2175Å feature towards shorter wavelengths.
Similarly, the observed scattering behaviour of dust can be markedly different if the scattering medium is clumpy rather than homogeneous. More optically thick clumps lead to a suppression of the optical and UV scattered flux in the continuum, while scattering features are unaffected, potentially providing a means by which to constrain the structure of a scattering medium.
We have shown that the collection of scattered photons represents a major challenge to measurements of extinction towards embedded objects, particularly in other galaxies e.g. AGN or GRBs, where large-scale structure is unresolved. As a result, there is not necessarily a 1:1 link between the extinction curve and the wavelength dependence of dust cross-sections. However, the effect on observations of diffuse galactic extinction is negligible.
